Abstract The remineralization depth of particulate organic carbon (POC) fluxes exported from the surface ocean exerts a major control over atmospheric CO₂ levels. According to a long-held paradigm most of the POC exported to depth is associated with large particles. However, recent lines of evidence suggest that slow-sinking POC (SS POC ) may be an important contributor to this flux. Here we assess the circumstances under which this occurs. Our study uses samples collected using the Marine Snow Catcher throughout the Atlantic Ocean, from high latitudes to midlatitudes. We find median SS POC concentrations of 5.5 μg L
Introduction
The biological carbon pump exerts a major control over atmospheric CO 2 levels, transferring carbon from the surface ocean to the deep [Volk and Hoffert, 1985; Kwon et al., 2009] , mainly via the gravitational sinking of particulate organic carbon (POC). The fraction of POC leaving the upper ocean that reaches the deep ocean is controlled by particle sinking speed, and the rate particles are respired, which together define the remineralization depth [Boyd and Trull, 2007; Kwon et al., 2009] .
Detrital POC in the ocean can be divided into three pools, loosely defined as follows: fast sinking (FS POC ; > 20 m d À1 ), slow sinking (SS POC ; < 20 m d À1 ), and suspended . The current paradigm is that fast-sinking particles dominate flux to the seafloor [Billett et al., 1983] , as slow-sinking particles are likely remineralized at shallower depths [Suess, 1980; Buesseler et al., 2007] . If climate change induces a shift in phytoplankton community from diatoms to nanophytoplankton, in response to increasing stratification, the average depth of remineralization is likely to reduce [Bopp et al., 2005] and the potential for future ocean carbon storage may also decrease [Alldredge and Silver, 1988; Kwon et al., 2009] .
Slow-sinking particles are typically assumed to be small though large particles with low excess densities may also sink slowly [Durkin et al., 2015] . SS POC is generally thought to originate from small plankton (nanoplankton or picoplankton), which could dominate in the euphotic zone of oligotrophic and postbloom regions [Stewart et al., 2010] . SS POC may penetrate beyond the upper mesopelagic if remineralization rates are slow (i.e., cold environments) [Iversen and Ploug, 2013] or may be transported to depth via the mixed layer pump, through turbulent mixing of small particles that become trapped below the thermocline by a shoaling mixed layer [Gardner et al., 1995; Dall'Olmo and Mork, 2014] . Other studies suggest that SS POC originates from the physical disaggregation [Burd and Jackson, 2009; Close et al., 2013] , physical fragmentation via turbulence [Stemmann et al., 2004] , or biological fragmentation of large particles Mayor et al.,Iversen and Poulsen, 2007] , zooplankton sloppy feeding [Jumars et al., 1989; Giering et al., 2014] , and microbial gardening, in which zooplankton fragment organic particles stimulating the growth of nutritious protists [Mayor et al., 2014] .
Recent work suggests that slow-sinking particles may make a significant contribution to POC flux (up to 60% of total observed flux at <260 m), between summer and early winter with a small contribution (~10%) between winter and summer [Peterson et al., 2005; Alonso-González et al., 2010] . Particle sinking speeds calculated using 210 Po-210 Pb profiles found slow-sinking particles (< 100 m d À1 ) to be the main contributor to flux in the North Atlantic, except in temperate regions during a bloom [Villa-Alfageme et al., 2016] . This method also estimated that average sinking speed increased with depth, suggesting remineralization of slow-sinking particles in the upper mesopelagic [Villa-Alfageme et al., 2014] . Small particles have been estimated to contribute 18-78% of total POC flux at 125-500 m depth in the surface ocean [Durkin et al., 2015] , suggesting that observations which overlook small particles may underestimate the flux of POC out of the upper mesopelagic.
Slow-sinking particles are systematically undercollected by upper ocean sediment traps [Buesseler et al., 2007] . In addition, in situ SS POC sampling methods typically use average sinking speeds or size-based assumptions, which are often poorly constrained, to calculate flux Durkin et al., 2015] , which may lead to inaccuracies in the contribution of slow-sinking fluxes. Underestimation of the SS POC pool may partially explain the discrepancy between the respiration demand and supply in the lower mesopelagic zone . Much of our knowledge about the formation, export, and flux of SS POC is based on theory, experiments, indirect measurements, or models [Villa-Alfageme et al., 2014; Durkin et al., 2015] rather than direct observation . However, the use of indented rotating-sphere sediment traps allows for POC and sinking speed of particles to be measured simultaneously [Peterson et al., 2005; Alonso-González et al., 2010] .
A key question is whether SS POC found in the upper mesopelagic is exported from the photic zone or is generated in situ via the fragmentation of larger particles. Riley et al. [2012] hypothesized that SS POC represents the constant background POC flux from the euphotic zone which is remineralized in the upper mesopelagic, while FS POC flux occurs as a result of processes such as the spring bloom and sinks to the deep ocean. . Amino acid and pigment biomarkers suggest that SS POC can have the same degradation state, or be less degraded, than FS POC particles which were found to be heavily altered by microzooplankton and zooplankton grazing [Lee et al., 2000; Alonso-González et al., 2010] . When considering the rapid turnover rate of slow-sinking particles [Goutx et al., 2007; Cavan et al., 2017a] , and the similar degradation states, this implies that SS POC in the upper mesopelagic must be generated in situ, possibly from fragmentation of larger, fast-sinking particles [Mayor et al., 2014; Giering et al., 2014; Belcher et al., 2016a; Cavan et al., 2017b] .
Biogeochemical models often contain multiple classes of particles segregated by sinking speed; however, the relative contributions these classes make to modeled flux or the importance of various processes to particle production has rarely been reported. However, a recent model study found that slow-sinking particles contributed up to 100% of export in the subtropical gyres and Arctic Ocean, which has yet to be observed in situ [Henson et al., 2015] .
A greater understanding of SS POC , in terms of its origin, processing in the upper water column and residence time is needed to evaluate the role of SS POC in carbon budgets and their accurate representation in biogeochemical models. In this study we compile estimates of the magnitude of the fast-sinking, slow-sinking, and suspended POC pools and their contributions to POC flux from Marine Snow Catcher (MSC) data collected during eight middle-to high-latitude Atlantic Ocean cruises. These data provide information on the spatial variability in the magnitude of the POC pools, with a particular focus on the SS POC concentration and flux.
We also utilize the NEMO-MEDUSA [Yool et al., 2013] and PISCES [Gehlen et al., 2006] biogeochemical models to further investigate the origins and controls on SS POC below the mixed layer depth (MLD), using the Atlantic sector of the Southern Ocean as a case study.
supporting information). Samples were collected during spring and summer. Each cruise was characterized in relation to the bloom state using satellite chlorophyll a (chl) data (Table 1 and Figure S1 ).
Marine Snow Catcher Principles
The MSC allows the measurement of the in situ fast-sinking, slow-sinking, and suspended POC pools. Specifics of the MSC deployment and methodology were first described in Riley et al. [2012] and have been expanded upon in Giering et al. [2016] . The MSC is a 95 L water sampler which is open when deployed, similar to a Niskin bottle. The MSC is fired at a specified depth below the MLD and left to settle on deck for 2 h. FS POC particles (> 100 μm) settle into a tray in the MSC base. Particles reaching the 8 L base in the settling period are defined as SS POC and particles remaining in the upper 87 L of the MSC defined as suspended POC.
MSCs were deployed using one of two deployment strategies: either one sample was taken below the mixed layer in the upper 600 m of the water column, or two samples were taken in quick succession at MLD + 10 m and MLD + 110 m, to estimate remineralization length scale in the upper mesopelagic zone. The first approach was employed on cruises to the PAP site and the Subpolar North Atlantic Figure 1 . Sampling Stations in the Atlantic Ocean. Slow-sinking particulate organic carbon samples were collected using Marine Snow Catchers in the Arctic Ocean (JR219 and JR271; green), Subpolar North Atlantic (M87/1-2; red), North East Atlantic (PAP Site) (D341 and JC087; blue), South Atlantic Ocean (MV1101; purple) and the Southern Ocean (JR274 and JR291; black). In total 144 samples were collected (Data Set S1).
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POC Concentration Calculations
POC concentrations of the three pools were calculated using the method described in Riley et al. [2012] . The fast-sinking particles were analyzed using a microscope camera, and the equivalent spherical diameter of each particle was calculated either using image processing software, such as Image J and SigmaScan Pro 4, or by measuring the diameter from photographs Cavan et al., 2015; Belcher et al., 2016a; Giering et al., 2016] . The volume (mm 3 ) of each particle was then calculated following Alldredge [1998] and the carbon content estimated using the "all types" conversion factor (AL CF) in Alldredge [1998] for aggregates. For some cruises (see Data Set S1) a more detailed analysis of the particles was undertaken, classifying particles into phytodetrital aggregates and fecal pellets. The carbon content of fecal pellets was determined using the "fecal" conversion factor in Alldredge [1998] . Southern Ocean fast FS POC fluxes were additionally calculated using AL CF for phytodetrital aggregates and a conversion factor for fecal pellets (Alldredge + Manno CF: Al + MN CF) of 0.039 mg C mm 3 obtained from direct measurements of FP collected in sediment traps in the Southern Ocean [Manno et al., 2015; Cavan et al., 2017a] . We compare FS POC fluxes calculated via these two methods to assess whether our results are sensitive to the choice of CF. FS POC concentration was determined by summing the POC of all fast-sinking particles per MSC (POC fast ) and dividing by the volume of the MSC (V MSC ; equation (1)). Fast-sinking POC mass measurements have been assigned an uncertainty of 10% to account for errors in estimating the volume of the particles.
SS POC concentration was calculated by subtracting the POC concentration of the top section (suspended POC) from the POC concentration of the base of the MSC. The resulting concentration is multiplied by the ratio of the volume of the base to the top (8/95 L) to calculate the presettling (in situ) SS POC concentration (equation (2)) . Slow and suspended POC mass measurements have been assigned an uncertainty of 5%. All errors have been propagated using standard deviation and basic error propagation equations for addition/subtraction and multiplication/division and is reported as combined standard uncertainty (C.S.U), with all C.S.Us reported in Data Set S1.
Median concentrations (with interquartile ranges, IQR) are reported for the Atlantic Ocean, to provide a generalized view of the fast, slow, and suspended concentrations and for each cruise for fast, slow, and suspended concentrations and fluxes, respectively. Figure S1 ). Dashes represent cruises where it was not possible to calculate slow-sinking flux using the SETCOL method. The South Atlantic cruise is not included as only a few samples were collected.
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POC Flux Calculations
POC fluxes were calculated from the mass of fast-or slow-sinking POC in the MSC (m fast or m slow in milligram) via the following equations [Cavan et al., 2015; Giering et al., 2016] . Daily fluxes were calculated to allow for comparison with other studies.
Here A msc is the area of the base (0.058 m 2 ), h the height of the MSC (1.5 m), and w the sinking speed (in m d
À1
). For fast-sinking particles the sinking speed was estimated on board using a measuring cylinder and the time taken for individual particles to sink a set distance [Ploug et al., 2010; Riley et al., 2012; Belcher et al., 2016a] , except for the cruise to the Northeast Atlantic in 2013, where a sinking rate was calculated using a flow chamber as in Ploug and Jorgensen [1999] (equation (3)). Uncertainty estimates were propagated and C.S.U reported with further specifics detailed in Data Set S1. These approaches cannot be used for slowsinking material as particles are invisible to the naked eye. Two approaches have therefore been used to assess its contribution (equations (4) and (5)).
The Giering et al. [2016] approach is a development of the Riley et al. [2012] method. As FS POC is picked using a pipette and a size specification (> 100 μm), the flux of the small POC (< 100 μm) that remains is defined by the dimensions of the MSC and the settling time. This method, based on the 2 h settling time and height of the MSC (equation (4)), implies an estimated mean sinking rate of~18 m d À1 for the small sinking particles at all stations. [2001] used the SETCOL method, developed by Bienfang [1981] , to calculate sinking rate. This method is similar to the Giering method, but rather than focussing on the small sinking particles only, SETCOL calculates the sinking rate of the initial "bulk" population of particles (all particles in the MSC excluding FS POC , i.e., slow + suspended POC) and applies this to the bulk mass (equation (5)). Based on the change in POC in the top section during the settling time, equation (6) uses mean initial homogenous concentration of the top section (T 0 ) converted to mass and subtracted from the mass in the base. This is divided by the change in suspended POC mass in the MSC multiplied by the height of the MSC divided by the settling time (t). The suspended POC fraction is assumed to be nonsinking (i.e., sinking rate is 0 m d À1 ), and hence, the SETCOL method results in a small median for the initial population for our data set, w bulk = 1.0 (IQR 0.6-1.7) m d À1 but a median slow-sinking rate of 22.2 (IQR 14.2-29.4) m d
Becquevort and Smith
À1
, similar to the Giering method.
T 0 was only sampled on the Southern Ocean cruises, in the Subpolar North Atlantic in 2012 and in the Northeast Atlantic (PAP Site) in 2013; therefore, the SETCOL SS POC flux could only be calculated for these regions.
The median SS POC flux is reported, along with the interquartile range for each cruise, to determine differences in magnitude spatially and temporally. The relative contributions of FS POC and SS POC to total flux were calculated to allow spatial and temporal comparisons (equation (7)).
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Additionally, to quantify changes in SS POC flux, compared to the FS POC flux, with depth in the Southern Ocean, the shallow (MLD + 10 m) SS POC flux relative contribution (%) was subtracted from the deep (MLD + 110 m) SS POC flux relative contribution (%).
Attenuation Parameters
The microbial respiration rate of FS POC and SS POC fluxes were calculated for the Southern Ocean cruises using the rates measured in Cavan et al. [2017b] to estimate the depth to which each exported POC fraction can penetrate. The respiration rates were reported for 15°C so a temperature correction was applied using the Q10 equation (equation (8) 
The microbial remineralization length scale (RLS) [Boyd and Trull, 2007] , defined as the depth by which 63% of POC flux has been remineralized, was calculated using the median sinking rate divided by the calculated respiration rate for the FS POC and SS POC [Cavan et al., 2017b] .
Model Output
We investigated how successfully two biogeochemical models represented SS POC flux. The NEMO-MEDUSA biogeochemical model has two pools of detrital material [Yool et al., 2013] . The fast-sinking detrital fraction originates from diatom and mesozooplankton losses and is assumed to sink faster than the time step of the model can resolve, so is instantaneously remineralized at each vertical depth, with the attenuation of the flux profile determined by a ballast model [Armstrong et al., 2002] . The slow fraction originates from nondiatom and microzooplankton losses, sinks at 3 m d
À1
, and remineralizes at a temperature-dependant rate that is representative of microbial respiration [Yool et al., 2013] . Unlike slow-sinking detritus, fast-sinking detritus is not grazed by zooplankton and there is no route to transfer material between the fast-and slowsinking detrital pools. The model was run at 1/4°spatial resolution under model-derived interannually varying surface forcing with output available at 5 day resolution . The FS POC and SS POC fluxes (%) were extracted from the model at all the Southern Ocean sampling stations (locations detailed in Data Set S1) and averaged (12 years of output, 1995-2006) to create a climatological annual cycle, from which the fractional contribution of SS POC flux was calculated (equation (7)) to allow for direct comparison to the observational data.
In the PISCES model, the detrital pool has big and small POC fractions with sinking rates of 50-200 m d À1 for large POC, which linearly increases with depth, and 3 m d À1 for small POC [Aumont and Bopp, 2006; Gehlen et al., 2006; Dutay et al., 2009] . The degradation rate of big and small POC has the same temperature dependance. PISCES includes parameterization of zooplankton flux feeding and (dis)aggregation, with (dis)aggregation processes allowing transfer of material between the dissolved organic carbon pool and large and small particle pools [Gehlen et al., 2006] . The PISCES output is from a climatological ocean-only run at 2°, monthly resolution, with output extracted from Southern Ocean sampling stations. Processes controlling interactions between detrital pools, turbulence, and differential settling speeds decrease below the mixed layer. In the standard model version, flux feeding does not redistribute particles from large to small POC. These two models, with differing approaches to particle parameterization, allow investigation into whether the processes acting on small and large POC pools affect the predicted dynamics of slow-sinking POC fluxes and whether these processes may be driving observed variability in the SS POC flux.
Results and Discussion
Limitations
MSCs allow a 95 L snapshot of fast-sinking, slow-sinking, and suspended POC to be sampled, which can record high variability in POC, due to the patchy nature of production and export in the upper ocean.
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Originally, MSCs were designed to capture large rare particles with minimal disturbance from turbulence [Lampitt et al., 1993] and often the main focus of MSC sampling is still fast-sinking particles. The carbon content of fast-sinking particles collected from MSCs has, until recently [Belcher et al., 2016b] , always been calculated using imaging and Alldredge [1998] conversion factors. However, Bishop et al. [2016] recently reported that Alldredge [1998] conversion factors underestimate the carbon content of aggregates considerably. In the future we would recommend measuring POC of the fast-sinking particles directly as in Belcher et al. [2016b] but as this study is a retrospective data collation, using conversion factors is unavoidable. To investigate whether conversion factors affected the results found in the Southern Ocean, we also calculate the fastsinking POC fluxes using two conversion factors for FP [Alldredge, 1998; Manno et al., 2015] which demonstrated differences in magnitude but minimal change in observed trends (see section 3.4).
The 2 h settling period (originally chosen to enable fast-sinking particles to reach the base of the MSC) means that not all particles that sink at a rate < 18 m d À1 will settle into the 8 L base. Moreover, the Giering approach assumes that the calculated SS POC flux is a lower limit, as the observed flux could have occurred in a shorter time than the 2 h settling period. This highlights that separating POC into three classes is an oversimplification of the true spectra of particle sinking speeds but is necessary for handling MSC samples [Kriest and Evans, 1999] . If the bulk of the slow-sinking material has a vastly slower sinking rate than 18 m d À1 , the fluxes may be an upper limit. This would also inflate our suspended POC estimates and underestimate our slow-sinking POC flux. However, the SETCOL approach may account for the slow-sinking (< 18 m d À1 ) material as it measures the sinking time and change in mass of the initial population (slow and suspended POC).
It is worth noting that for these samples the different methods calculate very similar fluxes as they both use the dimensions of the MSC (height) and the settling time. [2016] for sinking speeds of small cells based on Stoke's law. Furthermore, it is possible that the SETCOL sinking rate has a larger median than expected due to any FS POC < 100 μm which may be included in the base and initial bulk POC measurements. Suspended, slow, and fast POC pools occur in a 94:6:<1 ratio (based on the median of measured concentration at all sites; Table 1 ). Thus, most of the POC was not sinking out of the upper water column during our study (Figure 2d ). The samples from the Arctic Ocean in 2012 and the South Atlantic have higher median SS POC and suspended POC concentration than the other regions, while the median FS POC concentration is consistently small in the Arctic Ocean, Subpolar North Atlantic, South Atlantic, and Southern Ocean (SO13a) and makes a greater contribution at the PAP Site and the Southern Ocean for SO13b (Figure 2d ). We therefore find that sinking POC is predominantly found as SS POC in the Atlantic Ocean and contributes significantly to export below the MLD. ; Figure S1 ). Riley [2012] Global Biogeochemical Cycles High prebloom SS POC fluxes in the Subpolar North Atlantic were attributed to the mixed layer pump with deep mixing and (dis)aggregation processes transporting particles down to 600 m ( Figure S2 ) [Dall'Olmo et al., 2016; Giering et al., 2016] . Data from these sites suggest that SS POC flux is of smaller magnitude at the PAP Site compared to higher-latitude regions, particularly prebloom, and makes a greater contribution at lower latitudes postbloom.
POC Concentration
In The estimates of SS POC flux in the Atlantic Ocean presented in this study are generally at the upper limit of, or greater than, the estimated range of modeled carbon flux carried by small particles (18-78%; Sargasso Sea) [Durkin et al., 2015] and the SS POC flux contribution from June to December (60-75%) measured in the Mediterranean Sea [Peterson et al., 2005; Alonso-González et al., 2010] but our bloom SS POC flux observations are comparable to previous studies. Small particles (1-51 μm) in the euphotic zone were sampled by Lam et al. [2015] in the Atlantic Ocean, and an average of 76% of POC was contained in the small-sized fraction which they deemed as nonsinking. When comparing this to the size fractionation in the MSC (0-100 μm), our percentage estimates greater than 76% seem reasonable but the two data sets have varying definitions of small/large and sinking/nonsinking particles which make direct comparisons difficult. The largest mean contributions of SS POC to total flux (> 86%; Giering and SETCOL; Table 1 ) estimated for the Arctic Ocean, Subpolar North Atlantic, and the Southern Ocean exceed any previously reported observational values but support model study results by Henson et al. [2015] where SS POC contributed up to 100% of the total POC flux at high latitudes. As mentioned in section 3.1, this is likely due to fast-sinking conversion factors underestimating the total POC flux. However, as the absolute magnitude of SS POC fluxes is rarely published, relevant regional comparisons are not possible.
The mean SS POC fluxes found in the Atlantic suggest that in northern high-latitude regions SS POC flux is the major contributor to total flux (> 86%), with the exception of lower contributions during a Southern Ocean bloom. SS POC flux dominates the total flux for both PAP site cruises but only contributes to 63-77% of total flux. SS POC flux may dominate during prebloom periods due to physical mixing to depth and (dis)aggregation of large fast-sinking particles (e.g., in the subpolar North Atlantic ) but more generally may also be as a result of low cell concentrations inhibiting aggregate formation [Jackson et al., 2005] .
FS POC makes an increased contribution during blooms, likely due to higher concentrations of phytoplankton cells, resulting in larger/more aggregates and increasing zooplankton numbers that produce faster sinking fecal pellets (FP) [Belcher et al., 2016a] . The Arctic Ocean 2012 bloom is an exception to this proposed seasonal cycle of SS POC, potentially due to the contribution of Phaeocystis, which are small-celled phytoplankton [Schoemann et al., 2005] , to the exceptionally large POC flux. SS POC flux heavily dominates after the spring bloom, which we postulate is due to shifts to a smaller-sized community [Pommier et al., 2009] or the fragmentation of larger particles [Stemmann et al., 2004] . SS POC appears to make a significant contribution to flux in the upper mesopelagic in spring and summer months and to be controlled to some extent by bloom events. This is in contrast to the hypothesis Riley et al. [2012] proposed, in which SS POC is a background flux all year round and only FS POC flux is controlled by exceptional processes such as blooms. We speculate that SS POC production may be controlled predominantly by seasonality in primary production, but higherresolution sampling throughout the year is needed to confirm this hypothesis. In future studies measuring transformations of particle flux, we recommend that a detailed record of plankton community composition Global Biogeochemical Cycles
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and successional changes in community structure is collected to allow for a much greater analysis and discussion on the drviers of transforming particle fluxes.
Potential Controls of SS POC Flux
We observed a decrease in both the magnitude of slow-and fast-sinking POC fluxes with depth ( Figure S2 ). Figure 3 ). This led to some differences in magnitude at stations where FPs made a larger contribution, but overall, the trends and conclusions drawn from the plot are the same.
Samples taken during bloom conditions suggest that, at most stations, FS POC dominated flux from the upper ocean with SS POC making an increased relative contribution (up to 55%) to total flux deeper in the water column in some samples (Figure 3 ). This may be due to more rapid remineralization of FS POC ; however, Cavan et al. [2017b] found that turn over rates of SS POC were at least an order of magnitude faster than FS POC, which was attributed to the greater surface area to volume ratio of slow-sinking particles. A more likely process is fragmentation or disaggregation of FS POC -a process which leads to in situ generation of SS POC at depth. Three bloom stations did not show a sizeable increase in the contribution of SS POC with depth (Figure 3) , which suggests that, at these sites, there was little supply of SS POC at depth via the disaggregation/fragmentation of FS POC . It is possible that (dis)aggregation processes were responsible for the shifts between the fast-and slow-sinking pools of POC with depth ( Figure 3) ; however, in the majority of samples both FS POC and SS POC flux decrease in absolute magnitude (Data Set S1), suggesting that remineralization rather than particle transformation was the dominant loss process at these stations.
During the decline of the bloom or in postbloom periods in the Southern Ocean, when SS POC flux was >90% of total flux below the MLD, the contribution of SS POC flux predominantly decreased with depth (Figure 3) . . This allows a comparison between the relative contributions and highlights that, while there is a change in magnitude, the trends are unchanged. The red diamonds indicate the mean annual cycle in the MEDUSA model with the black diamond representing the first time step which continues anticlockwise as shown by the arrow [Yool et al., 2013] . The open symbols represent samples collected during the spring bloom in December 2013, and filled symbols represent samples collected in declining/postbloom phases in January 2013. The black diagonal lines indicate the limits of where it is mathematically possible for the SS POC flux (%) to increase/decrease due to percentages being bounded by 0 and 100. Data points that plot on the zero (dashed) line show no change in the FS:SS POC ratio indicating both fluxes are degraded at the same rate. Data points below the dashed line indicate that SS POC flux decreases in magnitude more rapidly than FS POC flux. Data above the zero line indicate that SS POC flux makes a greater contribution to total POC flux with depth.
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This may be due to SS POC flux being remineralized at a faster rate than FS POC flux during nonbloom periods, supported by the findings of Cavan et al. [2017b] and because there is minimal FS POC to fragment into SS POC . Generally, our data indicate that when FS POC contributes >10% to total flux below the MLD the SS POC flux often increases with depth. This supports the hypothesis that the increase in SS POC flux with depth is due to the fragmentation of FS POC particles. Riley et al. [2012] suggested that SS POC is a constant background POC flux persisting all year round that is remineralized in the upper ocean. In contrast, our analysis instead suggests that the contribution of SS POC to total flux often increases with depth when the FS POC flux below the MLD is high, as observed during the seasonal bloom, possibly due to in situ generation of SS POC below the MLD. SS POC has been observed in MSC samples down to 600 m , and Durkin et al. [2015] found that small particles increased down to 500 m while large particles (assumed to be FS POC ) decreased. This supports the hypothesis that, during the bloom, there is a conversion of POC from large fast-sinking particles to small slow-sinking particles as the SS POC flux contribution to total flux increases deeper in the water column.
The change in FS POC :SS POC ratio with depth appears to be large (up to 55%) as the FS POC flux may be significantly reduced due to fragmentation/ disaggregation channelling FS POC to SS POC . At stations during the SO13b cruise where Belcher et al. [2016a] found higher attenuation of fluxes of FS POC and FP, we found that SS POC flux increased relatively with depth. The stations with high FS POC attenuation were dominated by small copepods which are more likely to repackage POC into smaller FP, leading to retention in the upper mesopelagic [Noji et al., 1991; Belcher et al., 2016a] . At bloom stations, when FS POC flux dominated total flux and there was no change or a decrease in SS POC flux with depth, FPs contributed >80% to FS POC flux at MLD + 110 m and attenuation of FS POC flux was lower (Figures 3 and S3 ).
This may indicate an active zooplankton community undertaking diel vertical migration and active transport of POC to depth. Belcher et al. [2016a] suggested that at high attenuation stations, microbial respiration was insufficient to explain losses in FP flux in the upper mesopelagic, suggesting that fragmentation processes may dominate. However, at stations where the little attenuation of FS POC flux with depth was observed, microbial respiration was sufficient to account for the small losses in FS POC flux with depth. Therefore, reduced fragmentation processes at low attenuation stations may have minimized the transfer of POC from the FS POC to the SS POC pool explaining our observations of only minimal changes in the relative amount of SS POC flux with depth at these stations. Cavan et al. [2015] examined the FP flux in the Southern Ocean during the declining/postbloom phase. For stations where SS POC fluxes (%) increased with depth, there was a high attenuation of FPs with depth, similar to the bloom data. Therefore, differences in the degree of fragmentation (potentially driven by differences in bloom timing and zooplankton community structure, diel vertical migration, or active transport) may explain some of the patterns we observed in the changing contribution of SS POC flux with depth.
To further investigate our hypothesis of in situ production at depth, we calculated the microbial respiration rates and remineralization length scales for the slow-sinking POC fluxes for both Southern Ocean cruises using temperature adjusted respiration rates from Cavan et al. [2017b] (Table 2) Microbial respiration of fast-sinking POC flux is often found to be too slow to explain observed decreases in flux [Belcher et al., 2016b] which suggests that zooplankton processing may have significant interactions with fast-sinking particles. Several recent papers have concluded that zooplankton sloppy feeding , microbial gardening [Mayor et al., 2014] , and zooplankton fragmentation [Cavan et al., 2015; Belcher et al., 2016a; Cavan et al., 2017a] may lead to the in situ production of slow-sinking particles from fast-sinking particles.
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Overall, we suggest that there is an evolution in flux character from bloom to nonbloom states, at least in the Southern Ocean, with FS POC dominating surface flux during blooms leading to SS POC flux increasing at depth, likely via fragmentation by zooplankton. SS POC then dominates flux throughout the upper mesopelagic during declining/postbloom conditions. This may indicate a seasonal cycle of POC flux, in terms of whether SS POC or FS POC dominates, but this hypothesis requires further investigation with samples collected during the entire seasonal cycle. The proposed mechanism of in situ production of SS POC below the MLD may allow for SS POC to be generated deeper in the mesopelagic than SS POC particles would usually penetrate to via direct sinking from the surface supported by respiration rates and RLS estimates. In situ SS POC generation in the upper mesopelagic likely results in a shallower remineralization of POC than would occur if large fast-sinking particles persisted and sank quickly through the mesopelagic zone.
Modeling POC Fluxes
To verify that fragmentation/(dis)aggregation is the dominant process controlling the increasing contribution of SS POC to total flux with depth, we analyzed model output from two biogeochemical models. We sampled model output over a yearly cycle which allows us to assess shifts in the relative contribution of SS POC to FS POC in response to bloom dynamics to the extent resolved by model parameterization.
We examined data from the NEMO-MEDUSA model, which does not include parameterizations of (dis)aggregation or fragmentation and no transfer of particles from the fast to the slow-sinking detrital pool [Yool et al., 2013] . The model fails to reproduce MSC observations of SS POC flux contributing more to total flux at depth (Figure 3 ). During the prebloom period when SS POC flux is >90% and during the early bloom, both fluxes make an almost constant contribution with depth, whereas middle bloom to postbloom, SS POC flux contributes less to total flux with depth with smaller shifts between FS POC and SS POC pools than in our observations. This highlights that the MEDUSA model is not of sufficient complexity to capture the changes between the fast-and slow-sinking POC fluxes in the upper ocean compared to our observations of relative increases in SS POC flux with depth.
To explore whether models that incorporate (dis)aggregation and flux feeding capture the observed pattern in the data we analyzed PISCES model output [Gehlen et al., 2006] , which explicitly includes (dis)aggregation/ fragmentation processes. The PISCES model allows for a much smaller contribution of SS POC to flux compared to the MEDUSA model, but showed similar results to MEDUSA, with no increase in small POC particles with depth which decreased relative to fast-sinking POC throughout the year (Figure 4) . Gehlen et al. [2006] tested a variety of parameterizations of particle dynamics, including one (STD3) which doubles flux feeding by zooplankton. It may be hypothesized to cause SS POC flux to increase with depth due to fragmentation, but it is actually smaller in magnitude and is remineralized to a greater degree than in the standard version (STD1). In the standard model version, flux feeding does not redistribute particles from large to small POC and processes controlling the detrital pools decrease below the mixed layer. Flux feeding does, however, consume large particles, but the remineralization of small POC which sinks slowly (3 m d À1 ) likely precludes small POC making an increased relative contribution with depth in the model. [2006] carried out model experiments using PISCES and found that increasing flux feeding did reduce overall sinking speed and increase remineralization in the mesopelagic supporting our conclusions above. This led to an overall shallower penetration of POC in the water column and a reduced POC flux at the sediment-water interface, which was smaller than observed O 2 fluxes. This may be due to large particles, consumed by flux feeding, not transfering any POC to the small POC pool and instead transfering organic C to the dissolved pool. Aggregate formation was found to be a key mechanism for transferring POC at the base of the mixed layer, while flux feeding, a proxy for zooplankton activity, controlled the attenuation of fluxes in the mesopelagic. [Cavan et al., 2017b] , with no ballast effect , while in the deep ocean modeled slow-sinking particles have aged and so are refractory and may have a ballast component [Dutay et al., 2009; Aumont et al., 2017] .
Gehlen et al.
Our results therefore highlight the need for further particle flux observations, along with the characterization of particles throughout the water column, to clearly understand the processes modulating the fluxes of the different POC pools in the mesopelagic so that models can more robustly parameterize them. Our data suggest that, without the correct processes, increasing model complexity does not necessarily allow for better replication of observations.
Conclusions
We found that most POC in the Atlantic Ocean does not sink out of the upper water column. The SS POC pool appears to be the largest sinking POC pool in the majority of the Atlantic Ocean. SS POC dominates the total flux, except during the spring bloom in the Southern Ocean. The contribution of SS POC to total flux may increase with depth when FS POC flux contributes >10% to total flux in the Southern Ocean. We suggest that SS POC was generated in situ below the MLD in the Southern Ocean, during the seasonal bloom, likely via fragmentation which causes high attenuation of FS POC in the upper water column. As well as quantifying the significance of SS POC within the upper ocean, this finding highlights the importance of identifying and determining the roles of mesopelagic processes in the transfer of POC to depth. Our model analysis suggests that the biological processes driving the transfer of particles from fast-to slow-sinking pools need to be more robustly modeled to capture the contribution of SS POC to upper mesopelagic fluxes and the effect on the remineralization depth of POC. In situ generation of SS POC below the mixed layer may allow slow-sinking particles to penetrate deeper than is currently parameterized in models while fast-sinking particles may have a [Gehlen et al., 2006] . The MEDUSA model data are the same data in Figure 3 plotted for comparison [Yool et al., 2013] . The black diamonds indicate the first measurement in January of the seasonal cycle within the models continuing anticlockwise. PISCES data are monthly output, whereas MEDUSA output had a 5 day time step. The black diagonal lines indicate the limits of where it is mathematically possible for the SS POC flux (%) to increase/decrease due to percentages being bounded by 0 and 100.
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shallower remineralization depth than currently modeled. This may suggest that current models overestimate the importance of particle export to carbon storage as they do not accurately predict fragmentation or shifts between particle pools, which may have strong implications for modeled estimates of long-term carbon storage.
